ABSTRACT A ground penetrating radar (GPR) technique was used to detect Formosan subterranean termite (Coptotermes formosanus) and red imported Þre ant (Solenopsis invicta) hazards and risks (targets) in a soil levee at the London Avenue Canal in New Orleans, LA. To make this assessment, GPR signal scans were examined for features produced by termite or ant activities and potential sources of food and shelter such as nests, tree roots, and voids (tunnels). The total scanned length of the soil levee was 4,125 m. The average velocity and effective depth of the radar penetration was 0.080 m/ns and 0.61 m, respectively. Four hundred twenty-seven targets were identiÞed. Tree roots (38), voids (31), Þre ant nests (209), and metal objects (149) were detected, but no Formosan termite carton nests were identiÞed. The lack of identiÞed termite nests may be related to drowning events at the time to the ßood. Based on the target density (TD), the two new ßoodwall and levee sections that were rebuilt or reinforced after they were destroyed by Hurricane Katrina in 2005 were determined to be at low potential risk from termites and ants. A merging target density (MTD) method indicated a high potential risk near one of the breached sections still remains. Foraging and nesting activity of Formosan subterranean termites and red imported Þre ants may be a contributory factor to the levee failure at the London Avenue Canal.
Subterranean termites and many ant species nest in soil, often using tree roots and stumps for food (in the case of termites) and shelter. As social insects, both termites and ants can have large populations that number into the millions and will make an extensive underground network of foraging tunnels (Adkins 1970 , Woodroff and Majer 1982 , Xu et al. 1996 , Hedlund and Henderson 1999 , Abe et al. 2000 , Adams 2002 . For example, a single Formosan subterranean termite (Coptotermes formosanus Shiraki) colony has been shown to have a tunnel system that can extend from 162 to 3,571 m 2 in an urban habitat (Su and Scheffrahn 1988) . Some tunnels can radiate Ͼ75 m from a Formosan termite nest to access food and water sources (King and Spink 1969) . Xu et al. (1996) discovered a tunnel 0.07 m in diameter made by a subterranean termite colony in China. In China termites are the major cause of soil levee failures (Xu et al. 1996; Li et al. , 2004 Wang et al. 2007 ).
Adkins (1970) found that the red imported Þre ant (Solenopsis invicta Buren) mound and foraging tunnels also may weaken soil levees and cause breaks such as the one which occurred near Basile, LA, in June 1969. The nest (mound) of a red imported Þre ant colony can vary from 0.4 to 1.5 m in diameter (Lockley 1996) . There are numerous outward radiating foraging tunnels up to 1.5 m in depth and 7.5 m in length or longer (Adkins 1970) . Their territory ranges from 12 to 197 m 2 depending on colony size (Adams 2002 ). Termites and ants represent potential hazards to the levee system. They are major causes of dangerous incidents such as leakage, seepage, and erosion, which can eventually lead to the breakage and collapse of dams, levees, and ßoodwalls (Adkins 1970; Xu et al. 1996; Li et al. , 2004 Wang et al. 2007) .
In August 2000 , Henderson (2008 discovered that Formosan subterranean termites were attacking the ßoodwall seams along the Mississippi River in New Orleans. The termites were eating the bagasse seams and penetrating the rubber seals in between the cement wall sections. In 2005, after the ßoodwalls and levee failures at the London Avenue Canal and 17th Street Canal in New Orleans, surveys for infested seams were conducted. Seventy percent of the seams of the ßoodwall on the London Avenue Canal (east side) showed termite and ant damage (Henderson 2008) . Because of this very high seam infestation rate, we focused our current work on the London Avenue Canal levee. Our objective was to determine whether factors existed in the levee that encouraged ant and termite activity. To date, most studies on biological impacts to soil levee systems have focused on burrowing by large animals and penetration by plant roots (ASDSO 1999 , Niederleithinger et al. 2008 . Very little research has been conducted in the United States on how termite and ant activities can compromise soil levees.
The ground penetrating radar (GPR) system is a noninvasive geophysical technique that collects and records information of subsurfaces (Conyers 2004) . It uses a surface antenna to transmit electromagnetic energy pulses in the form of radar waves into the ground. When the transmitted signal enters into the ground, the differences in dielectric properties between two adjacent materials will cause reßection of some of the radar wave energy back to the surface. The output signal voltage amplitudes are plotted as different color bands and a subsurface cross section proÞle is generated (Conyers 2004) .
As a rapid, nondestructive, and repeatable exploration tool for constructing an image of structural properties of the shallow subsurface, GPR is widely used by agronomists, archaeologists, criminologists, engineers, environmental specialists, foresters, geologists, geophysicists, hydrologists, land use managers, and soil scientists (Finck 2003) . It has been applied to detect subterranean termite nests, tree roots, and voids under airÞeld pavements; to estimate root biomass; and to map tortoise tunnels (Xu et al. 1996 , Hruska et al. 1999 , Butnor et al. 2001 , Malvar and Cline 2002 , Cox et al. 2005 , Hagrey 2007 , Kinlaw et al. 2007 , Stover et al. 2007 .
In this study, we used GPR technology to obtain subsurface information on Formosan subterranean termite and red imported Þre ant nests, tree roots, and voids (tunnels) related to termite and ant potential hazards and risks in the soil levee of the London Avenue Canal in New Orleans, LA. This is the Þrst report on using GPR technology to evaluate the activities of Formosan subterranean termites and red imported Þre ants as hazards and risks to soil levees in the United States.
Materials and Methods

GPR Equipment.
A SIR-3000 GPR System (Geophysical Survey System, North Salem, NH) was used. Components included a 400-Mhz antenna (model 5103), a survey wheel, a shielded cable, and a digital control unit.
Verification Excavation Site. To maintain the integrity of the levees, no digging for object veriÞcation was possible. Before working on the levee, an excavating site was necessary to compare the GPR reading with actual objects below the ground surface. The excavating site, Ϸ1,600 m 2 (20 by 80 m) in Brechtel Memorial Park, New Orleans, LA, was selected for target identiÞcation. This location has a high level of Formosan termite activity. Clay content at this site was 60 Ð90% (USDA 1989) . The excavation site and the London Avenue Canal levee both have high clay content. Trees at this site included live oak, water oak, red maple, and bald cypress. The site was scanned in parallel lines with an interval of 0.5 m by GPR. Objects detected that appeared related to termite and ant activity were recorded and veriÞed by excavating. These data were used for target identiÞcation on the levee. Detection and excavation of reßected objects was conducted on 6 November and 4 December 2007.
Levee Site. The selected levee site was on the east side of London Avenue Canal, New Orleans, LA. Total length of the soil levee was 4,442 m. Two breaches caused by Hurricane Katrina in 2005 were on this levee, one breach was on the east side of the canal (detected area), left of Filmore Avenue and was rebuilt at the time of study. Another repaired breach section was on the west side of the canal, right of Robert E. Lee Blvd., and the east side of this section of the canal was reinforced (Fig. 1A) .
The surveyed soil levee has a slope of Ϸ10Њ and the average width of the slope levee is Ϸ5 m. Most of the levee was covered with vegetation (grass and weeds) during our study. The tree species growing near the levee (within 20 m of the ßoodwall) included water oak, live oak, red maple, bald cypress, and pecan. Trees on or close to the soil levee were removed after Hurricane Katrina by the U.S. Army Corps of Engineers, but some stumps and roots remained.
The levee study site was divided into 19 sections to perform the GPR survey. Section 1 started at Treasure St., and section 19 ended at Lakeshore Dr. The length of each section varied from 108 to 450 m. The average length of the 19 sections was 217 m. Section 10 was broken and rebuilt, and section 15 was reinforced (the west side of the canal at this section was broken, and the east side was reinforced).
Before conducting the GPR scanning, visual observations were made on the levee condition (width, slope, soil humidity, and vegetation) of each section to determine the optimal GPR parameters and the necessary number of scanning lines. Stumps on the soil levee and trees within 20 m of the ßoodwall also were recorded.
GPR Data Collection on the Levee. A parallel collection method was applied to systematically map the levee. Eight to 12 scanning runs were conducted parallel to the ßoodwall in each section according to the slope and width of the levee section. The spacing of any two adjacent parallel scanning lines was Ϸ0.5 m.
Data collection on the levee was performed on 3 October 2007 through 7 January 2008 ( Table 1 ). The GPR system was calibrated at each section: before data collection, the GPR system was turned on, and the antenna was dragged for Ϸ20 m along the levee to set the correct parameters. The automatic range gain was set to enhance the reßection amplitudes with depth because of normal energy attenuation in the ground (Conyers 2004) . The time window range (two-way travel time) was set variously between 15 and 35 ns depended on the section conditions, which corresponded to a maximum depth between 0.6 and 1.5 m. Dielectric constant was set as 10 Ð16 based on literatures and levee section condition (Liu and Li 2001, Hagrey 2007) . Other parameters were set as follows: samples ϭ 512, format ϭ 16 bits, scan rate ϭ 100, scan/unit ϭ 24 Ð36 scan/ft, stacking ϭ 0.
The data for each scanning run were saved in the unit before transfer to a laboratory computer. Red imported Þre ant nests were counted only when the mounds were on the scanning line and marks were placed on the proÞles. Most red imported Þre ant mounds were visible without the aid of GPR.
The total length of data collection was 4,125 m that consisted of 92.86% of the total length (4,442.4 m) of There was a breach that occurred at Section 10, and this section was rebuilt; another breach occurred at the west side of the canal, and section 15 (the east side of this breach) was reinforced.
the soil levee of London Avenue Canal. One hundred ninety-eight data proÞle Þles were collected. The accumulative length of proÞles (scanning line) was 42,287 m. Again, no excavation was conducted on the soil levee because of levee safety concerns.
GPR Data Processing. A RADAN 6.5 GPR processing software (Geophysical Survey System) was used to process and analyze data. Functions of position correction, background removal, horizontal stacking, and migration were used to clarify the target proÞles and make targets easier to interpret.
The velocity of radar waves in the levee soil was calculated with the equation:
where V ϭ velocity (m/ns), C ϭ speed of light (0.3 m/ns), and r ϭ dielectric constant (Conyers 2004) .
The effective depth of the radar penetration was determined as follows. The GPR proÞle was displayed in linescan ϩ wiggle model on the RADAN screen. A dividing point between the smooth and jagged area was found on the wiggle window. That point represented the threshold of the radar propagation depth (Fig. 2) . The two-way travel time in nanoseconds was determined from the top to that point and the effective penetration depth in meters was calculated with the equation D ϭ C ϫ TT/2SQRT( r ), where D ϭ effective penetration depth (m), C ϭ speed of light (0.3 m/ns), TT ϭ two-way travel time (ns), and r ϭ dielectric constant (Conyers 2004) . Because the estimation of TT is based on visual interpretation, the effective penetration depth of each scanning line was determined by averaging the depth at 10 points on the line to increase the accuracy. The effective depth of a levee section was the average effective depth of all scanning lines in that section. r was determined according to the soil conditions (clay content and moisture).
Data Statistical Analysis. SAS 9.1 (SAS Institute, Cary, NC) was used for data analysis. PROC CORR and PROC REG were used for correlation analysis between velocity and effective depth and dielectric constant. PROC TTEST was used to compare the abundance of tree root and Þre ant nest on upper or lower parts of the levee.
Levee Target Detection and Identification. Targets were identiÞed based on the proÞle features reported in relevant literature and from our excavation detection results (Xu et al. 1996 , Hruska et al. 1999 , Butnor et al. 2001 , Liu and Li 2001 , Malvar and Cline 2002 , Cox et al. 2005 , Kinlaw et al. 2007 , Hagrey 2007 , Stover et al. 2007 ). After the GPR data were processed, targets were enhanced, extracted, and identiÞed as the following types: (1) tree roots (including tree roots, stumps, and coarse wooden debris with a shape similar to a root) represented by proÞle features of irregular coarse hyperbola with refraction and diffraction; (2) air-Þlled voids (including air-Þlled pipes, holes, animal burrows, termite, and ant tunnels), represented by single regular hyperbolic reßection; (3) red imported Þre ant nests, represented by irregular lined-parabola reßection; and (4) metal targets (including metal pipes, rebar, metal cables, and other metal debris), represented by high amplitude multi-hyperbola reßection (Fig. 3) . 
Results
Excavation Identification. At the excavating site, 28 GPR proÞles, each of which was 20 Ð30 m long, were collected. Thirteen potential target points were excavated for identiÞcation and proÞle matching. Among them, nine points were identiÞed as tree roots with diameters ranging from 0.043 to 0.140 m, at a depth varied from 0.076 to 0.250 m (Fig. 4A and B) . One target at a depth of 0.36 m was identiÞed as an air-Þlled void (length by width by depth ϭ 0.35 by 0.10 by 0.20 m; Fig. 4C and D) . One highlight reßection area of interest was the soft/hard soil interface at a depth of 0.15 m. It could not be determined what caused the reßections at the two other excavating points.
GPR Detection on the Levee. The GPR detection on 19 sections of the soil levee had an average velocity of radar propagation of 0.0801 m/ns, and an average effective depth of 0.61m. A correlation analysis with dielectric constant, radar pulse velocity, and effective depth showed a signiÞcant positive correlation between velocity and effective depth (r ϭ 0.799; P Ͻ 0.001; n ϭ 19) and a signiÞcant negative correlation between velocity and dielectric constant (r ϭ Ϫ0.941; P Ͻ 0.001; n ϭ 19; Fig. 5 ). Thus, higher attenuation of the radar energy occurred at higher dielectric constant sections, whereby the velocity decreased, limiting the effective depth of radar wave penetration.
Seven hundred thirty-two distinct anomalies (targets) were found in the proÞles of the soil levee. Among them, 427 targets were identiÞed as tree roots, air-Þlled voids, red imported Þre ant nests, and metal targets. The number of tree roots, voids, Þre ant nests, and metals was 38, 31, 209, and 149, respectively (Table  1) . Total identiÞed targets accounted for 58.33% of the total anomalies. The number of unidentiÞed anomalies was 305, accounting for 41.67% of the total anomalies. No termite carton nests were found in the soil levee using GPR. More tree roots were detected on the lower part of the levee than the upper part. Red imported Þre ants more frequently nested on the upper part of the levee, often against the ßoodwall. A comparison between the upper part of the levee (scanning lines 1Ð5, close to the ßoodwall) and lower part of the levee (scanning lines 6 Ð10, far away from ßoodwall) showed that there were signiÞcant differences in tree root abundance (n ϭ 19, P ϭ 0.0063) and the number of red imported Þre ant nests (n ϭ 19, P ϭ 0.0107), but not in metals, voids, and unidentiÞed targets (P varied from 0.6059 to 0.9533; Table 2 ).
Discussion
Hazards and Risks of Formosan Subterranean Termite and Red Imported Fire Ant to Soil Levees. Our study showed that GPR is effective in detecting tree roots, voids, and Þre ant nests in soil levees. Tree roots in the soil levee were considered as the most important hazard and risk factor relative to termite and ant activity because (1) tree roots grown into the levee may penetrate and damage the structure of compacted soil levee directly (Abe et al. 2000 , ASDSO 1999 ); (2) as food sources of termites and harborage sites for some species of ants, tree roots may harbor termites and ants and enhance their tunneling activities; and (3) tree roots consumed or damaged by termites or ants apparently can form voids and result in water seepage. The signiÞcance of roots being in greater number near the bottom of the levee (Table 2) indicates that the roots were penetrating from backyard areas in close proximity to the levee. Fire ant abundance being higher in the half closest to the ßoodwall is almost certainly caused by the ßoodwall itself providing structure for ant mound building and solar radiation. Implementation of any control procedures to reduce these levee risks may make use of this information. It is possible that many of the voids found in our survey were caused by termite activity. As noted by Li and Su (2008) , Formosan termites generally increase their gallery system by creating voids from food sources like tree roots. Detecting and removing tree roots in soil levees can decrease the activities of termites and ants and reduce the potential hazard and risk to the levees. Slurry can be injected into the voids as a plug once they are located.
Although Formosan termite carton nests were not found in this study, it is possible that they were deeper than our GPR could detect because of the high clay and water content in the levee soil that greatly limited the penetration depth and the target resolution. Work by King and Spink (1969) showed that a carton nest in a sand levee in Lake Charles was Ϸ50 cm deep. This depth was nearing the edge of our ability to detect targets (range, Ϸ30 Ð 87 cm) in this levee. In addition, because of the ßooding conditions in 2005, it is likely that soil-bound nests were inactive and colonies had drowned at the levee site (see Forschler and Henderson 1995) . An active Formosan termite nest found just under the soil surface and adjacent to a ßoodwall along the Mississippi River near the French Quarter did show a distinct pattern using GPR (Yang et al., accepted for publication) , which reßected moisture and dielectric constant differences between the nest and nearby soil.
To further assess the relative risks from termite and Þre ant presence in the soil levee, we evaluated the target density (TD). The TD was deÞned as the sum of tree roots, ant nests, and voids per 100 m of levee and thus was calculated with the equation TD ϭ ST ϫ 100/L, where TD ϭ targets density of a section; ST ϭ sum of tree roots, ant nests, and voids of a section (sum of targets), and L ϭ the length of a section (m). We deÞned a TD of Յ5.0 as a low level risk; TD between 5.1 and 10.0 as a middle level risk, and TD Ͼ10.0 as a high level risk. Two sections were found to be at a high risk level of termite and Þre ant activity, nine sections were in a middle risk level, and eight sections were at a low risk (Fig. 1A) . Metal targets were not counted in the calculation of target density because we did not consider metal targets as a hazard of increasing termite and ant activities on the levee. However, metal objects can provide shelter and are possible routes for foragers. Metal objects also may provide a potential edge effect of seepage of water looking to travel along paths of least resistance in the levee.
Formosan subterranean termite and red imported Þre ant foraging usually cover a considerable area (King and Spink 1969 , Adkins 1970 , Adams 2002 and are not limited by the sections as deÞned by our TD method. To evaluate across-section hazards and risks and how the adjacent sections may affect each other, a merged TD (MTD) was calculated with the following equation:
where MTD ϭ merged target density of adjacent sections; ST 1 ϭ sum of tree roots, ant nests, and voids at adjacent section 1; ST 2 ϭ sum of tree roots, ant nests, and voids at adjacent section 2; L 1 ϭ the length of adjacent section 1; and L 2 ϭ the length of adjacent c Total of scan line 6 to line 10 (two of which were lines 6 Ð 8 and four of which were lines 6 Ð12), far away from ßoodwall. section 2. In this calculation, two new levee sections (section 10 and section 15) were removed because they were rebuilt or reinforced and the activities of termite and ant were disturbed. Sections 9 Ð11 are section 9 merged with section 11; sections 14 Ð16 are section 14 merged with section 16. There were nine merging sections in total. Based on the value of MTD, sections 3Ð 4 and sections 17Ð18 were at relative high risk level of termite and ant activities, sections 14 Ð16 were at relative low risk level, and all other merged sections were in a middle relative risk level (Fig. 1B) . Sections 17Ð18 were adjacent to one of the original breaded areas.
Target Direction Affected the Target Interpretation. Usually, moving the antenna perpendicular to the long axes of a single object can generate a good hyperbola on the radargram, and the object can be readily identiÞed (Conyers 2004 ). In our study, the detecting site was quite large (Ϸ5 by 4,125 m), and there was little information about type, size, shape, orientation, and depth of possible objects to Þnd. The data were only collected by sampling parallel to the ßoodwall. Some targets may be oblique to the antenna moving direction, or sometimes, two or more targets may be too close or overlapping. Many irregular reßections, refractions, and diffractions were produced on the radar proÞles. These made the target reßectors quite complex and hard to interpret. IdentiÞed targets only accounted for 58.33% of total anomalies in this study.
Dielectric Constant Affected the Target Reflection Strength. Reßection strength of a target depends on the contrast of the dielectric constants between the target and the levee soil around. In our study, the detected targets related to Formosan subterranean termite and red imported Þre ant activities were tree roots, nests, air-Þlled voids, and tunnels. Nests of termites and Þre ants consist of air-Þlled chambers (Tschinkel and Howard 1983, Abe et al. 2000) . Different dielectric constant between soil and air and soil and wood cellulose are 15 and 6 Ð11.5 (Liu and Li 2001, Hagrey 2007 ), respectively; thus, these targets are good GPR reßectors. Metal targets are the best GPR reßectors and reßect all of the radar signal (Conyers 2004) .
Soil Clay Content and Water Content Affected the Depth of Penetration. A good condition for GPR detection is low clay and low water content in the soil (Finck 2003) , because the high clay and/or water content causes a strong attenuation of the radar energy in the soil (Conyers 2004) . According to the soil survey of Orleans Parish, LA (USDA 1989) , the soil type of the London Avenue Canal area is allemands muck (Ae), aquents (An), sharkey clay (Sk), commerce silty clay loam (Co), and commerce silt loam (Cm). Such poorly drained, Þrm, and higher mineral content soils were typical in low area on the natural levees of the Mississippi River (USDA 1989) . The clay content of Ae, An, Sk, Co, and Cm were 60 Ð95, 50 Ð90, 60 Ð90, 14 Ð39, and 14 Ð39%, respectively (USDA 1989 ; Table 1 ). It is fair to assume that because of the high clay content, the average effective penetration depth of our 400-MHz antenna was only 0.61 m (2 ft), which limited the detection of deeper targets. The average effective depth of lower clay content sections (section 3 to section 6) was 0.66 m, which was greater than the average effective depth of all other sections (0.60 m). The average number of identiÞed targets at lower clay content sections was 34.2, which was greater than that of all other sections (the average target number of all other sections was 19.3). This was because GPR can penetrate deeper and get higher target resolution in lower clay content sections than in higher clay content sections.
GPR as a nondestructive and almost real-time data acquisition method of subsurface objects has potential application in the detection of hazards and risks associated with Formosan subterranean termite and red imported Þre ant activity, especially in soil levees where no excavated inspections can be allowed.
